Abstract The purpose of this review is to highlight existing literature on the epidemiology, pathophysiology, and novel risk factors for vascular dementia. We further examine the evidence linking chronic brain hypoperfusion induced by a variety of cardiovascular diseases to the development of vascular dementia. In the elderly, in whom cerebral perfusion is diminished by the aging process, additional reduction in cerebral blood flow stemming from exposure to potentially modifiable vascular risk factors increases the probability of developing vascular dementia. Finally, we discuss the association between obstructive sleep apnea, an underrecognized risk factor for stroke, and vascular dementia. Obstructive sleep apnea is linked to cerebrovascular disease through many intermediary vascular risk factors and may directly cause cerebrovascular damage through microvacular disease. Insight into how cardiovascular risk factors induce vascular dementia offers an enhanced understanding of the multifactorial pathophysiology by this disorder and ways of preventing and managing the cerebrovascular precursors of vascular dementia. Many vital questions about the relation of obstructive sleep apnea with stroke and vascular dementia are still unanswered and await future well-designed studies.
Introduction
Cognitive impairment and dementia are disabling conditions expected to rise in prevalence with the rapidly aging population [1, 2] .Dementia implies a decrease in cognitive abilities leading to functional decline and the inability to carry out usual activities of a cognitively healthy person [3] .Stroke remains the number one cause of disability and the third leading cause of death in the USA. Evidence continues to accumulate on the cerebrovascular contribution to incident and prevalent dementia [4] .Vascular dementia was initially described in the nineteenth century after dementia developed in patients with recurrent strokes (multi-infarct dementia) or with severe white matter disease associated with long standing hypertension (i.e., Binswanger disease) and was commonly thought to be the primary cause of dementia in the elderly-so called "hardening of the arteries [5] ."However, in the second half of the twentieth century, neuropathological studies showed that the pathological hallmarks of Alzheimer disease, as opposed to cerebrovascular damage, are more common in patients with dementia [6] .This resulted in a paradigm shift such that most late-onset dementia was thought to be due to Alzheimer disease, and criteria for dementia developed during this period reflect this bias: memory loss became a required component. However, the advent of newer neuroimaging techniques, such as computed tomography and magnetic resonance imaging, demonstrated that vascular damage in the brain was very prevalent. Subclinical brain infarcts (SBI) were seen in 17 % of participants from the Northern Manhattan Study [7] and white matter lesions by MRI in up to 90 % of participants of the Rotterdam Study [8] .At the same time, associational studies have consistently found that vascular damage contributes to a large proportion of late-onset dementia cases, so much so that "mixed disease"-that is, Alzheimer pathology and cerebrovascular damage-may even be the most common pathological finding in dementia cases. In autopsy series, vascular pathology was found in up to 50 % of those with pathologic Alzheimer's disease (AD) and approximately one-third of patients diagnosed with vascular dementia will have AD pathology at autopsy [9] .
Definition of Vascular Dementia
Vascular dementia is better understood as a heterogeneous syndrome in which the underlying etiology is cerebrovascular disease manifesting as dementia [3, 10] .The syndrome should be characterized by evidence of clinical stroke or subclinical vascular brain injury affecting at least two cognitive domains and causing sufficient decline to affect the activities of daily living [3, 11] .Progression of vascular dementia can occur as a "step-wise" process or as a continuous decline. Because vascular dementia and Alzheimer disease commonly coexist, they are difficult to differentiate; nonetheless, in the case of subcortical vascular dementia, the clinical presentation is characterized by a subcortical syndrome with signs such as executive dysfunction, psychomotor slowness, pseudobulbar palsy and gait instability. In cases of vascular dementia involving cortical lesions, signs such as dysphasia, dyspraxia, and neglect can be also present [3] .
A common misconception about the phenotype of vascular dementia is the expected degree of "memory" impairment. While it is true that patients with Alzheimer disease often presents primarily with an amnestic syndrome, it is important to recognize that the term "memory" is an umbrella term that includes a number of different abilities that can be variably impaired, rather than a single ability. Since damage to different brain areas is variable in cerebrovascular disease, so can memory disturbances vary or be nonexistent. This is less true in Alzheimer pathology, since damage generally spreads from medial temporal lobe structures to other areas, and thus amnestic disorders are more common. In addition, memory disturbance may be relatively mild and/or occur later in vascular dementia.
Neuropsychiatric symptoms such as depression [12] and delirium can be seen dementia, but their role as a risk factor for cognitive decline is controversial [13] .In a recent study of patients that underwent cardiac surgery, those that developed post-operative delirium were more likely to have lower mini-mental scores (MMSE) at baseline, 25.8 (delirium) vs. 26.9 (no delirium), p<0.001. In addition, those with delirium had a larger drop in the MMSE two days after surgery [14] .Compared to those without delirium, a greater percentage of patients with delirium did not return to preoperative baseline performance at six months (40 % vs. 24 %, p=0.01).
Epidemiology of Vascular Dementia
The overall prevalence of dementia in developed countries is 5-10 % in people older than 65 years of age, but this increases rapidly by decade with a prevalence of as much as 50 % of the population over age 85 [3, 10] .Vascular dementia is the second leading cause of dementia, without taking into account mixed dementia, and its prevalence is expected to double every five years after age 65 [15] .A number of studies have demonstrated an especially high incidence of cognitive impairment and dementia after stroke with rates as high as 30 %. In a recent study of 300 patients with mild strokes, screening tests such as the MMSE were predictive of moderate to severe vascular cognitive impairment, defined by deficits in≥3 cognitive domains neuropsychological testing, 3-6 months after stroke [16] .An analysis of the Secondary Prevention of Small Subcortical Strokes (SPS3) trial showed that mild cognitive impairment, defined as z score −1.5 in at least one cognitive domain from either an amnestic or non-amnestic test was present in nearly half of patients with lacunar strokes [17] .
Pathophysiology
Vascular dementia can be caused by atherosclerosis of the cerebral arteries, cerebral small vessel disease, and chronic subcortical ischemia occurring in the distribution of penetrating arteries of the periventricular white matter [18] .Atherosclerotic plaques develop in large to medium size arteries, but can also be present in small penetrating vessels in the form of microatheroma. Plaque rupture causes stroke through local thrombosis or atheromatous thrombi leading to ischemia. The small artery damage underlying lacunar infarctions and ischemic white matter lesions is most commonly found in association with lipohyalinosis affecting the small penetrating arteries [15] .
Cerebral small vessel disease is more prevalent in the elderly and in those with hypertension and/or diabetes [19] .Cerebral microbleeds [20] and retinal microvascular changes [21] are commonly seen in those with dementia. Cross-sectional studies have observed associations between retinal microvascular changes and dementia (that ranges from OR 1.17 to 5.57). Pathological studies show that ischemic white matter disease consists of demyelination, loss of axons, gliosis, widening of perivascular spaces and loss of blood-brain-barrier integrity [15] .Patients with advanced Alzheimer disease can have white matter lesions on MRI. Many studies have focused on vascular causes of these changes, implying an interaction between Alzheimer's and vascular pathology, but Wallerian degeneration due to degeneration of cortical inputs remains a plausible alternative. Unfortunately, imaging studies cannot differentiate the underlying pathophysiology of white matter lesions and pathological studies are limited. However, the presence of SBI, white matter lesions, microbleeds, and brain atrophy has been linked to aging and vascular risk factors, especially hypertension. The Framingham offspring studies reported that increases in systolic blood pressure among young adults was associated with early structural changes of subcortical structures in the anterior corpus callosum, the inferior fronto-occipital fasciculi and with reduced grey-matter volumes in the middle temporal gyrus [22] .In addition, the number and volume of white matter lesions was a predictor of vascular dementia. Clinical-imaging correlations have suggested that larger volumes and greater numbers of brain lesions are associated with a greater risk of vascular dementia [23, 24] .The cardiovascular risk factors associated with vascular dementia may disturb hemodynamic flow and thereby induce cerebral hypoperfusion and subsequent disruption of the cortical-subcortical circuitry and microstructural integrity [25] .
Advances in Neuroimaging Studies
Neuroimaging studies have provided estimates of the amount of chronic and progressive brain ischemic injury and their effects on cognitive function [13] .Brain ischemic changes (e.g., white matter lesions) are associated with stroke, cognitive decline, dementia and death [26, 27] .Degenerative and vascular disease often coexists and contributes to white matter disease and cognitive impairment. For example, in a group of 54 normal elderly (mean age 77 years), measures of cognitive performance correlated with cerebrovascular white matter disease on MRI and amyloid imaging by positron emission tomography [28] .The authors did not observe an association between measures of cerebrovascular disease and amyloid using Pittsburgh Compound Bpositron emission tomography. Compared to participants with positive amyloid, those with white matter disease had worse executive function, while amyloid did not affect cognition in that healthy cohort. In the study, early cognitive changes were mainly associated with cerebrovascular disease and not amyloid. Another study of patients>70 years of age with extensive white matter hyperintensities (WMH) by MRI, found that approximately 70 % with WMH had no evidence of amyloid [29] .The authors noted that participants with negative amyloid were younger, with a greater number of lacunar infarctions, presumably from small vessel disease, and these patients performed better on delayed recall tasks (verbal and visual memory) when compared to those with positive amyloid by PET scan.
Neuroimaging data suggest that progression of brain atrophy contributes to vascular dementia. For example, the Leukoaraiosis and Disability Study (LADIS) evaluated the association of medial temporal lobe atrophy, cortical and subcortical atrophy, and white matter lesion volume prospectively on cognitive decline. After three years of follow-up, medial temporal lobe atrophy and subcortical atrophy predicted a decline in global cognition, psychomotor speed, executive function, and memory [30] . There was also a significant synergistic interaction between white matter lesion volume and atrophy, with an increased rate of cognitive decline. Similar findings were observed by the SMART-MR Study (Second Manifestations of Arterial Disease-Magnetic Resonance), [31] that followed 565 patients>60 years of age with symptomatic atherosclerotic disease but without large infarcts. After a mean follow up of four years, periventricular white matter lesion volume at baseline, and its progression, was associated with a greater decrease in cortical gray matter volume and an increase in ventricular volume independent of vascular risk factors.
In summary, recent functional neuroimaging studies suggest that early cerebrovascular damage may cause early cognitive dysfunction. In addition, the coexistence of vascular disease and amyloid is complex and the interaction between these factors in causing dementia and brain atrophy warrants further research.
Prevention of Vascular Dementia
Existing evidence suggests that exposure to risk factors in midlife leads to cumulative vascular and neuronal damage contributing to vascular dementia in late life. It is not surprising that epidemiological studies find evidence of modifiable vascular risk factors such as mid-life hypertension, associated with progression of cognitive impairment at 14, 25, and 30 years [32] .In the Heart Outcomes Prevention Evaluation (HOPE) study, the effect of the angiotensinconverting enzyme inhibitor (ACE-I) ramipril was compared against placebo in 1013 high-risk patients with a history of stroke or transient ischemic attack (TIA). The HOPE study observed a 59 % relative risk reduction of cognitive decline for those assigned to the ramipril arm [33, 34] .
Treatment of high cholesterol [35] and physical inactivity [36] could also prevent the development or progression of dementia. A prospective analysis of the Leukoaraiosis and Disability (LADIS) study composed of 639 subjects with a mean age of 74 years, showed that physical activity protected against vascular dementia (HR 0.42; 95 %CI, 0.22-0.80), independent of age, education, white matter change severity, previous and incident stroke and DM [37] .
Randomized controlled trials modifying hypertension and other vascular risk factors (e.g., dyslipidemia) are needed to address the primary prevention of dementia. A series of ongoing trials have been designed to address these limitations, including the Systolic Pressure Intervention Trial (SPRINT) that is currently examining intensive blood pressure lowering compared to standard of care, in relation cognitive function by an extensive neuropsychological battery [38, 39] .Another understudied but potentially important set of risk factors for vascular dementia is the metabolic syndrome, a cluster of cardiovascular risk factors that include obesity, hypertension, insulin resistance, and dyslipidemia [10] .The metabolic syndrome was strongly associated with incident vascular dementia in a population-based cohort study (HR=3.7) [40] .In addition, patients with metabolic syndrome have early white matter changes by diffusor tensor imaging [41] .In the Northern Manhattan study, those with metabolic syndrome had worse mini-mental scores, defined by a score<18, (OR=1.94; 95 % CI 1.26, 3.01) compared to those without metabolic syndrome [42] .
Vascular Risk factors, Cardiac Disease and Cerebral Hypoperfusion
Chronic brain hypoperfusion and its consequential neural hypometabolism can accelerate the onset of cognitive symptoms and abnormal neuropathology [25] .The main risk factor associated with chronic brain hypoperfusion is hypertension. Chronic hypertension causes pulsatile pressure changes and increased microvascular resistance that may lead to brain hypoperfusion [43, 44] .Additionally, longstanding hypertension impairs vasomotor reactivity and shifts the cerebral autoregulation curve towards higher blood pressures [25] .Reducing blood pressure later in life may result in an increased risk of stroke by further impairing adequate cerebral perfusion [45, 46] .
Cardiac disease such as left ventricular heart failure and atrial fibrillation may also lead to chronic cerebral hypoperfusion and vascular dementia [25] .Low ejection fraction or low cardiac output has been associated with impairments in attention and executive function [47] .
Cerebral hemodynamics measured by transcranial Doppler ultrasound (TCD) may serve as an early surrogate of cerebrovascular compromise [48, 49] .Transcranial Doppler ultrasound is a safe, noninvasive technique widely used in clinical practice, which enables measurement of cerebral hemodynamics in the intracranial circulation. Available TCD studies demonstrate low resting flow velocities including mean, systolic and diastolic velocities and impaired vasomotor reactivity in patients with vascular dementia when compared to controls [50, 51] Additionally higher values/scores of the pulsatility index, a TCD measure of increased cerebral small vessel resistance that correlates with greater white matter hyperintensities and lacunar infarcts by MRI. [52, 53] are seen in vascular dementia compared to those with Alzheimer disease and controls [51] .Further studies on cerebral hemodynamics as a surrogate of cerebral perfusion are needed to examine early vascular dysfunction in at-risk populations.
Sleep Disorders: Implications for Vascular Dementia
Decrements in sleep health are quite prevalent and continue to be an under-recognized modifiable risk factor for cardiovascular disease and stroke [54] .The association of sleep disorders with vascular risk factors and stroke has been well documented but is not fully understood [54] .Furthermore, untreated sleep disorders produces sleepiness that has detrimental effects on mood, job performance, and accident risk, and is associated with adverse health outcomes and cognitive dysfunction [55] [56] [57] .Proper sleep is critical for synaptic plasticity and memory function [57] .
Obstructive sleep apnea (OSA) is a sleep disorder that is highly prevalent, occurring in up to 25 % of the general US population and up to 62 % of those older than 65 [58] .Obstructive sleep apnea is defined by the apnea-hypopnea index (AHI), which is an index of OSA severity that combines apneas (pauses in breathing) and hypopneas (partial obstructions in breathing) associated with hypoxemia [59] [60] [61] . A patient with OSA has more than five AHI events per hour of sleep [60] . Clinical risk factors and the most common symptoms are presented in Table 1 . The repetitive collapse of the upper airway during sleep, leads to intermittent nocturnal hypoxemia, hypercapnia and arousals from sleep associated with an increase sympathetic response. Further activation of neuro-endocrine systems (corticotropic, sympathetic, renin-aldosterone-angiotensin) in OSA can cause or exacerbate the cardiometabolic disorders associated to vascular dementia.
Poor or inadequate sleep may lead to cognitive dysfunction as suggested by the association between sleepiness, poor sleep quality, and OSA with incident dementia. A large community-based cohort of older men found that severe daytime sleepiness, a symptom closely associated with OSA and poor sleep quality, was strongly predictive of vascular dementia but did not predict non-vascular dementia [62] . In another prospective study of 4,894 patients without baseline dementia, excessive daytime sleepiness predicted cognitive decline (defined as a four-point reduction in the mini-mental score) at 2, 4, and 8 year follow up (OR=1.26, 95 % CI 1.02-1.56). Logistic regression models were adjusted for sociodemographic, behavioral, physical, and mental health variables, and apolipoprotein E genotype [63] .
In the Osteoporotic Fractures Study, elderly women (mean age of 82 years) with and without OSA were followed for a median of five years. Compared to the 193 women without OSA, the 105 women (35.2 %) with moderate to severe OSA (AHI >15 events per hour of sleep) had a greater odds of cognitive impairment and dementia (31.1 % vs. 44.8 %) in multivariable analysis (adjusted OR=1.85, 95 % CI 1.11-3.08) [64••] . This association was mediated by the levels of hypoxemia, as opposed to measures of sleep fragmentation.
Obstructive sleep apnea is a novel risk factor for stroke and cardiovascular mortality [59, 60, 65] . Long term follow up of both the Sleep Heart Health Study and the Wisconsin Sleep Cohort show nearly threefold to fourfold higher associations between baseline OSA and incident stroke [66] [67] [68] [69] . Obstructive sleep apnea is also known to cause a variety of cardiac arrhythmias during sleep such as bradycardia, supraventricular tachycardia, ventricular tachycardia, and atrial fibrillation. Severe OSA (AHI≥30) has been linked to a fourfold increased risk of atrial fibrillation. In addition, there is evolving evidence that OSA may contribute to insulin resistance and other components of the metabolic syndrome such as obesity and increased elevated leptin levels, a hormone produced by the adipocytes strongly associated with obesity. Mounting evidence suggest that OSA is related to subclinical brain infarcts and white matter hyperintensities by MRI [70] [71] [72] . In a study of Japanese men, 25 % of patients with moderate to severe OSA had silent brain infarcts when compared to 6 % of controls.
Obstructive sleep apnea could potentiate or exacerbate established vascular risk factors, but OSA can also lead to impairments in cerebral hemodynamics. Obstructive events leading to hypoxemia, hypercapnia, and changes in intrathoracic pressures can lead to reductions in cerebral blood flow and impaired cerebral autoregulation [73] [74] [75] [76] , similar to the effects of aging and hypertension. In addition, patients with OSA had reduced cerebral blood flow velocities during apneas in the middle cerebral artery. Decreased cerebral blood flow along with impaired vasomotor reactivity and increased pulsatility index has been described in OSA during wakefulness [73] .Chronic hypoxemia and hypercapnia can cause desensitization of the cerebral chemoreceptors responsible for maintaining cerebral autoregulation leading to dysfunction of cerebral hemodynamics.
An OSA "microvascular model" has been proposed [56] .The vascular and neuronal damage in OSA may occur as a consequence of cerebral chemoreflex dysfunction, in addition to increased endothelin levels, and cerebral endothelial dysfunction caused by oxidative stress (hypoxemiareoxygenation). The end result is cerebral vasoconstriction and "stiffness" of cerebral blood vessels causing or exacerbating cerebral hypoperfusion, and direct transmittal of systemic pulsatile wave pressures to the cerebral microvasculature. Cognitive dysfunction in OSA is not only a result of sleep disruption, but is related to the chronic effects of hypoxemia-reoxygenation and increased sympathetic tone leading to vascular and neuronal damage.
In animal models of spontaneously hypertensive strokeprone rats, early microvascular damage was caused by hypoxemia-related endothelial damage leading to disruption of the blood brain barrier (BBB). This ongoing damage of the vessel wall results in small vessel rupture and microbleeds [76•] .Sustained hypoxia causes dysfunction of the BBB. Hypothetically, intermittent hypoxemia--reoxygneation, as seen in OSA, could lead to BBB leakage in susceptible individuals [77•] .Additionally, chronic inflammation in OSA may cause BBB dysfunction and neuronal injury. There are elevations of leukotrienes and prostaglandings in chronic inflammatory states and in chronic intermittent hypoxemia. These molecules serve as ligands for the proliferator-activated receptors (PPRE) and the peroxisomses proliferator response element that activates downstream genes involved in chronic inflammation and other pathways that alter microvessel permeability [78•] . In addition, the transcription factor CCAT-enhancer binding protein (C/EBP) regulates the expression of PPRE.
In an OSA animal model, upregulation and activation of CCAT-enhancer binding protein (C/EBP) homologous protein (CHOP) was observed in response to intermittent hypoxemia. Upregulation of these proteins leads to greater oxidative stress and signaling of apoptosis in neuronal cells [79] .
Further prospective studies are needed to better characterize the pathophysiological mechanisms and the contribution of OSA in middle age to vascular dementia in late life. In addition, randomized clinical trials are needed to determine if treatments of sleep disorders in the general population is effective in the primary prevention of stroke, cardiovascular disease, and consequently vascular dementia. 
Conclusion
Vascular causes of dementia are expected to become increasingly prevalent with the aging population. This is a heterogeneous group of disorders that does not have a single cause and with numerous pathological underpinnings. Controlled trials that moderate vascular risk will be important to reducing vascular dementia risk, and novel risk factors, such as sleep disorders, require attention. Advances in neuroimaging and in understanding the molecular pathways involved in different types of vascular damage provide hope for progress to limit the potential epidemic of vascular dementia as our population ages.
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